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Introduction
Childhood obesity is an important public health issue (1). Childhood obesity can persist into adulthood (2) (3) (4) and so lead to an increased risk of many morbidities, including type II diabetes, cardiovascular disease and cancer (5) (6) (7) (8) . Identifying high adiposity in children (and hence overweight and obese individuals) is therefore important as these children are likely to go on to be obese adults at higher risk of morbidity (4, 9) .
Body mass index (BMI) is commonly used to measure adiposity, and hence to define obesity, but it has many problems. BMI does not measure the distribution of fat in the body and does not distinguish between adiposity and high muscularity. BMI does not perform well at the extremes of height (10) . BMI may also be an imperfect measure to define ethnic differences in overweight or obesity in children: compared with children of white European ancestry, BMI underestimates adiposity among South Asian children (11, 12) and overestimates adiposity in black African Caribbeans (12) .
True adiposity may be measured using various methods. These include hydrostatic weighting, where the amount of water displaced by the body is measured; air displacement plethysmography, where air displacement is used instead of water; deuterium oxide dilution, to measure the amount of water and hence fat in the body; or dual-energy X-ray absorptiometry (DXA), which estimates fat composition based on the absorption patterns of X-rays (13, 14) . However, these methods are too complex, costly and time-consuming for regular use, and simple methods to estimate adiposity that are easy to perform are required. Many methods to measure obesity, other than BMI, are available, including waist circumference, skin-fold thickness, waist-to-hip ratio and waist-to-height ratio. This systematic review aimed to investigate the diagnostic accuracy of these tools to diagnose childhood obesity when compared with accurate reference standards such as densitometry.
Methods
This systematic review was conducted to comply with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidance (PRISMA). The protocol for the review is registered on PROSPERO (PROSPERO registration number: CRD42013005711). This review forms part of a broader Health Technology Assessment, which is reported in full elsewhere (15) .
Search strategy
A range of databases were searched, including MEDLINE, EMBASE, PsycINFO and CINAHL, the Cochrane Library, DARE and Science Citation Index, up to June 2013. References of included studies and relevant systematic reviews were also checked. Searches were not restricted by language or publication status. A search strategy is reported in Table A1 .
Study selection
Any population-based study of children/adolescents up to age 18 that compared the diagnostic performance of simple measures of adiposity to define overweight and obesity against reference standard measures was eligible for inclusion. Studies including only children who were not overweight or obese were excluded. Studies had to be of an index test that was a simple measure of adiposity (i.e. one that could be measured easily), such as BMI, skin-fold thickness, waist-to-height ratio, waist-to-hip ratio, Rohrer's Ponderal Index, Benn's Index, body adiposity index, fat mass index, bioelectrical impedance analysis or nearinfrared interactance. The results of these index tests had to be presented so that children could be categorized as obese, overweight or normal weight. The performance of the index texts had to be compared with a reference standard that was one of hydrostatic weighting, air displacement plethysmography, DXA, deuterium dilution method (using deuterium oxide) or any multicompartment obesity measure. Studies had to report sensitivity and specificity of the index test(s) or data from which these could be calculated. Studies were selected by two reviewers independently. Disagreements were resolved through discussion or by another reviewer.
Data extraction and quality assessment
Data extraction was conducted by one reviewer and checked by a second reviewer. Sensitivity and specificity estimates were extracted, or data sufficient to calculate them. Also extracted were characteristics of the study (e.g. date and location) and demographic data (age, gender and ethnicity), and details of thresholds used to diagnose obesity and overweight (such as national or international standard definitions) and details of how index and reference standard tests were performed. The quality assessment of diagnostic accuracy studies (QUADAS-2) tool was used to assess quality of the included studies (16) .
Statistical methods
Estimates of sensitivity and specificity of the index tests were calculated from presented data. Where two or more studies presented data on an index test, estimates of sensitivity and specificity were pooled using standard diagnostic meta-analysis techniques, namely, the bivariate model (17) to calculate summary sensitivity and specificity and the hierarchical summary receiver operating characteristic curve (HSROC) model (18) to generate summary receiver operating characteristic (ROC) curves. Separate analyses were conducted for each index test. Subgroup analyses were performed to identify differences between boys and girls and, for the bivariate model, to account for different index test thresholds (obese or overweight) and for differences in reference standards. All analyses were performed using the R software (19) . Very few studies reported diagnostic accuracy in different age groups or in different ethnic populations, so the impact of these factors could not be assessed.
In studies that presented data on more than one simple index test, diagnostic odds ratios were calculated in order to compare the diagnostic accuracy of the different index tests (20) . In order to aid comparison between tests, results are presented in terms of the estimated sensitivity at a 95% specificity based on the estimated diagnostic odds ratios, assuming that these ratios do not vary with specificity. This enabled the comparison of index tests within studies, where they were performed on the same children with the same reference standard. No meta-analyses or across-studies analysis of these comparative studies were performed because the studies were not consistent in which measures of obesity were compared.
Results
Searches identified a total of 10,269 unique references. After initial screening based on titles and abstracts, 794 papers were obtained. After further checks, 375 articles remained for further evaluation. Of these articles, 341 were excluded after detailed assessment, primarily because they did not present suitable diagnostic accuracy data. The remaining 34 unique studies met our inclusion criteria, but nine had insufficient sensitivity and specificity data to be included in the meta-analysis; hence, 25 papers representing 24 distinct cohorts were included in the meta-analysis (Fig. A1) .
A summary of the characteristics of the 24 included child cohorts is given in Table 1 . BMI was the most widely used obesity measure (22 cohorts), but others considered were skin-fold thickness (seven cohorts), waist circumference (seven cohorts), waist-to-hip ratios (three cohorts) and waist-to-height ratios (two cohorts) and relative weight (two cohorts). The studies varied considerably in how obesity and overweight were defined from these index tests, with studies using different thresholds and different national or international standardizations of BMI (see Table A3 for full details). Skin-fold thickness was sometimes measured on the triceps, sometimes subscapular, or a combination of both.
Of the reference standards, only five studies used densitometry (hydrostatic weighting or air displacement plethysmography); one used deuterium dilution; and the rest used DXA. Studies generally reported results at the 85th centile of DXA, which we define as overweight, and the 95th centile for obesity, although there was some variation across studies (Table A3 ). These centiles appeared to be ageadjusted and sex-adjusted, although this was not always stated. There was more variation in the percentiles of body fat reported from densitometry and deuterium dilution reference standards, although defining obesity as above 30% body fat for girls and above 25% for boys was most common.
Most studies included any healthy children regardless of age, gender or ethnicity. One study (22) was in children referred to hospital, and one was in children with spinal muscular atrophy (38) .
Study quality
The full results of the quality assessment are given in Table  A2 . The nature of the tests meant that all except one of the cohort studies avoided differential verification bias (where the results of the index test influence the reference standard) and incorporation bias (where the index test is a component of the reference standard). In one study (24) , the results of DXA were imputed for some children, and thresholds of DXA used to define obesity appear to have been partly related to the results of the BMI analyses. It is unlikely that any time delay between conducting the index test and the reference standard would introduce bias, although no studies reported the timing of the tests. The description of the index tests was adequate in most studies; but little information on the reference standards was reported.
Body mass index
A total of 22 diagnostic accuracy studies evaluated BMI. Table 2 gives the results of the bivariate analysis of sensitivity and specificity, according to gender and whether the threshold was obesity (95th centile of BMI) or overweight (85th centile of BMI). Definitions of obesity varied across studies and included national BMI standardizations (including for the UK), International Obesity Task Force (45) and Centre for Disease Control and Prevention centiles (46) . Figure 1 shows the sensitivity and specificity data from each study, according to gender and threshold (obese and overweight), and summary ROC curves from the HSROC model.
Overall BMI correctly detected 81.9% of obese (that is, highly adipose) children when compared with the reference standards with a false-positive rate of 4% (96% specificity - Table 2 ). So most obese children will be correctly identified and few non-obese children incorrectly classified as obese. BMI appears to perform less well at detecting overweight: detecting fewer overweight children (76.3% sensitivity) at a higher false-positive rate of 7.9% (Table 2 ). Figure 1 shows that there was marked heterogeneity in the data across studies using BMI to detect overweight and obesity, both in sensitivity and specificity rates. The summary ROC curves suggest that BMI may be better at detecting overweight or obesity in girls than boys. At 95% specificity, the detection rate was around 75% for boys but 80% for girls. However, the wide 95% confidence intervals (CI) seen in Table 1 mean that this difference is not conclusive.
Other possible causes of heterogeneity are the varying thresholds and standardizations used to define obesity and overweight, although the HSROC model is designed to account for differences in thresholds, differences in populations and ethnicities and different reference standards. We Diagnosing childhood obesity M. Simmonds et al. 3 obesity reviews performed a subgroup analysis comparing studies using DXA as a reference standard with those using other reference standards (Table 3) . Results were broadly comparable between studies using DXA and non-DXA reference standards, except that sensitivity to detect obesity was lower for other reference standards (35.3%, 95% CI: 12.6 to 58.0) compared with using DXA (90.1% 95% CI: 84.8 to 96.5). This suggests that determination of obesity may be BMI, body mass index; CI, confidence interval; DXA, ?dual-energy? X-ray absorptiometry.
Figure 1 Sensitivity, specificity and summary hierarchical summary receiver operating characteristic curves when using body mass index.
Diagnosing childhood obesity M. Simmonds et al. 5 obesity reviews dependent on the choice of reference standard, although results should be interpreted with caution owing to the limited number of studies. In particular, the sensitivity was very low in the one study that used deuterium dilution (43) .
Results between DXA and other reference standards were more consistent for the diagnosis of overweight.
Skin-fold thickness
Seven studies reported data on skin-fold thickness. Studies reported data on both specific skin-fold locations (triceps or subscapular) and sums across locations. Where both were reported, sums of skin-fold thickness were used in this analysis. Table 2 gives the results of the bivariate analysis.
There were no studies reporting data for predicting overweight in girls. Figure A2 shows the sensitivity and specificity data from each study and the summary ROC curve. There were too few studies to produce ROC curves by gender. Skin-fold thickness correctly detected 72.5% of obese children when compared with the reference standards with a false-positive rate of 6.3% (93.7% specificity). So most obese children were correctly identified and few non-obese children incorrectly classified as obese, but using skin-fold thickness missed over one-quarter of obese children. Skinfold thickness detected more overweight children (78% sensitivity) but had a higher 9.7% false-positive rate (90.3% specificity). There were too few studies of skin-fold thickness to reliably perform any subgroup analyses.
Waist circumference
Seven studies included data on waist circumference. Table 2 gives the results of the bivariate analysis, and Fig. 4b shows the sensitivity and specificity data from each study and the summary ROC curve.
Waist circumference had a similar performance to BMI, with waist circumference correctly identifying 83.8% of obese children when compared with the reference standards, with a false-positive rate of 3.5% (96.5% specificity). There was no conclusive evidence of any difference in effect between boys and girls. As with BMI, waist circumference appears to detect overweight less well: detecting fewer overweight children (73.4% sensitivity) at a higher false-positive rate of 5.3%. There were too few studies of waist circumference to reliably perform any subgroup analyses.
Other measures
Six studies presented data on three other measures: waistto-height and waist-to-hip ratios and relative weight (that is, weight adjusted for age and gender). There were too little data to perform any meta-analyses, so the results of these studies are summarized in Table 3 .
It is difficult to draw any conclusions from these limited data. Relative weight appears to have poor sensitivity of around 50% or less. Waist-to-hip ratio also has poor sensitivity of 45% or less in two of the three studies that used this test. Waist-to-height ratio has very high sensitivities of near 100% in the two studies including it, but in both studies, BMI also achieved near-100% sensitivity (Fig. 2) . Figure 2 shows the estimated sensitivity at 95% specificity for the 12 studies that included more than one index test in order to compare the performance of the index tests. Index tests are compared within each study here to give a fair comparison of tests because they were performed on the same children. There was little consistency in results across studies. For example, skin-fold thickness had lower sensitivity than BMI in the Himes (27) and Guntsche (25) studies, higher in the Marshall (30) study and similar in the Freedman (24), Mei (31) and Sarria (37) studies. Overall, particularly as the Freedman study is by far the largest (Table 1) , the results suggest that skin-fold thickness has, at best, a marginally better diagnostic performance than BMI.
Comparison of measures
Waist circumference had a similar sensitivity to BMI in the six studies that included both tests. Relative weight had lower sensitivity than the alternative tests in the two studies including relative weight. Waist-to-hip ratio also had lower sensitivity than BMI or waist circumference in two of the three studies that included it (Table 4) . These results suggest that relative weight and waist-to-hip ratio may be inferior to BMI, skin-fold thickness and waist circumference. Waist-to-height ratio was only included in two studies, with results similar to BMI and waist circumference.
Discussion
This systematic review has analysed the diagnostic accuracy of a number of tests for childhood obesity, including BMI and skin-fold thickness. Contrary to common opinion, we found that BMI is a good test for childhood obesity, identifying about 82% of genuinely obese, or highly adipose, children, while misclassifying only 4% of children. However, the 82% sensitivity does mean that 18% of obese children will not be identified as such using BMI. So, an appreciable minority of obesity cases will go undetected. BMI is slightly poorer at diagnosing overweight (or moderately elevated adiposity). This finding does not rule out the possibility that BMI is a poor test in some sub-populations, such as short or muscular children. None of the studies reported data on such sub-populations.
Results for skin-fold thickness were mixed. In bivariate models, skin-fold thickness had lower sensitivity than BMI, but in the largest study that compared them, skin-fold thickness had slightly higher sensitivity. These results suggest that the extra complexity of performing a skin-fold thickness test, and the need for trained professionals to carry out the measurement, may outweigh any possible marginal improvements in diagnostic performance.
Data on other obesity tests were more limited, but there was no compelling evidence that any alternative test had better performance than BMI. Waist circumference appears to have a similar diagnostic performance to BMI, while the limited data on relative weight and waist-to-hip ratio suggest these perform less well.
There was considerable heterogeneity across studies, with differences in diagnostic accuracy according to gender and the reference standard used. Differences in thresholds used to classify obesity and differences in populations may also contribute to heterogeneity. Therefore, although BMI, skinfold thickness and waist circumference may perform well in general, diagnostic accuracy in practice may depend on which diagnostic thresholds are used and how well these apply to the population of interest.
Strengths and limitations
This systematic review used rigorous methods and followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. Extensive searches were performed to identify all relevant studies. Rigorous statistical methods were used to pool data across diagnostic accuracy studies.
A key limitation in this review was the diversity of the studies. Studies were in different populations at varying ages, and with different ethnicities (although diagnostic accuracy by subgroups were not routinely reported), and used differing definitions of obesity. While all studies used either obesity or overweight as their threshold, these thresholds were not Diagnosing childhood obesity M. Simmonds et al. 7 obesity reviews consistent across studies and so are unlikely to be consistent across different populations (47) . Reporting on diagnostic performance by age or ethnicity was too limited to investigate the impact of these factors on obesity diagnosis. The studies also used several different reference standards, which may not be directly comparable, and may lead to differences in estimates of diagnostic accuracy. It was generally necessary to assume equivalence of these reference standards in the analyses, which is unlikely to be correct.
Another limitation was the small number of studies considering tests other than BMI, particularly other simple measures using different powered relationships between height and weight, such as the Ponderal Index. This restricted our ability to compare tests and draw any firm conclusions about their relative merits. Bioelectrical impedance may provide a routine measure of fat mass in the future, but no studies comparing these measures with reference standards were identified in the present review. This suggests that high-quality diagnostic test accuracy studies are needed for other tests, perhaps particularly for waist-to-height and waist-to-hip ratios. Such studies should use a high-quality reference standard for diagnosing obesity and measure BMI in order to compare the performance of different tests with BMI.
Conclusions
Perhaps contrary to popular opinion, this review found that BMI is a reasonably good, simple diagnostic test for identifying childhood obesity and adiposity. It identifies most adipose children correctly, but does fail to identify around 20% of obese or highly adipose children, while misclassifying only a small number as obese. The good diagnostic accuracy relies on selecting appropriate BMI thresholds to define obesity for the population of interest, which may vary according to age, gender and ethnicity. There were few studies of other simple diagnostic tests, and there was no conclusive evidence that any simple test should be preferred to BMI. In particular, the extra complexity involved in performing skin-fold thickness tests does not appear to result in any great improvement in diagnostic accuracy. While BMI is a good simple test for childhood obesity, it is not perfect, and some obese children will not be identified using BMI.
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